Diurnal rhythms in myocardial physiology (e.g., metabolism, contractile function) and pathophyiology (e.g., sudden cardiac death) are well establish, and have classically been ascribed to time-of-day-dependent alterations in the neurohumoral milieu. Existence of an intramyocellular circadian clock has recently been exposed. Circadian clocks enable the cell to anticipate environmental stimuli, facilitating a timely and appropriate response.
Introduction
Cardiac form and function is far from static. In an unrelenting effort to meet the demands of the organism, the heart undergoes continuous adaptation to its environment, at molecular, structural, and functional levels. This is true over multiple time scales; beatto-beat, daily, seasonally, as well as developmentally. Myocardial adaptation is critical, not only for development and physiology, but also in the etiology of cardiovascular disease. Central to the concept of adaptation is an ability of the heart to adequately respond to both intracellular and extracellular cues. Countless stimulus-response coupling mechanisms have been characterized, ranging from intracellular Ca 2+ sensing during an individual heart beat, to postprandial neurohumoral responses, and to hypertrophic adaptation to long-term elevations in sheer stress. Molecular characterization of cellular response mechanisms over the last several decades has uncovered a complex network of signaling cascades running both in parallel and series.
Intramyocellular circadian clocks have emerged as a cornerstone in stimulus-response coupling. This mechanism is not only highly sensitive to intracellular and extracellular cues (some of which are integral clock components), but is capable of directly influencing numerous signaling components. Simply put, the circadian clock confers a selective advantage within a dimension of its own. That being, the circadian clock can anticipate a stimulus before it occurs.
The purpose of this review article is several fold. First, historical evidence for the existence of a cardiomyocyte circadian clock will be presented. Next, the insights gained from recent studies designed to unravel the functional roles of the cardiomyocyte circadian clock will be outlined. Finally, putative future frontiers for this novel area of Young 4 research will be highlighted. Using our current knowledge, attempts will be made to predict which environmental stimuli the cardiomyocyte circadian clock allows the heart to anticipate (i.e., 'anticipating anticipation').
Characterization of the Cardiomyocyte Circadian Clock
As early as 1729, an appreciation for the existence of an internal timekeeping mechanism within terrestrial organisms has been documented (26) . With the advent of molecular biology, appropriate tools became available for identification and characterization of the timekeeping mechanism components (so called circadian clocks). Circadian clocks are defined as a set of proteins comprising a series of self-sustained transcriptional positive and negative feedback loops, with a free running period of approximately 24 hours (26) .
The circadian clock confers the selective advantage of anticipation; by knowing the time of day, the cell/organ can prepare for a stimulus prior to its onset, enabling both a rapid and appropriate response.
Since the mammalian circadian clock has been reviewed previously (20, 26, 31, 68) , and is detailed throughout the current Topic Review Series, only a brief overview is included here. Circadian clocks can be sub-divided into 3 major components; input, the clock mechanism itself, and output. The mammalian clock mechanism itself is made up of more than 12 distinct core clock proteins. At the heart of this mechanism lies two transcription factors, Clock and Bmal1, which heterodimerize and bind to E-boxes within the promoters of target genes (27, 33). Target genes include several core circadian clock components, as well as numerous clock output genes (68) . As such, output from the circadian clock initially manifests at the level of transcription, but ultimately results in altered cellular function in a time-of-day-dependent manner. Input factors (termed zeitgebers or timekeepers) entrain cell autonomous circadian clocks (32) . Light is among the best characterized zeitgebers, which entrains the central 'master' clock within the suprachiasmatic nucleus, via the retinohypothalamic tract (5). In contrast, peripheral clocks rely primarily on neurohumoral factors for entrainment (14) .
A fully functional circadian clock has been identified within virtually all mammalian cells investigated to date, including cardiomyocytes. One of the first published studies reporting rhythmic expression of a circadian clock component within the heart was in 1998. Sakamoto et al observed diurnal (i.e., during normal light/dark cycles) oscillations in per2 gene expression in mouse hearts (62) . Given well established diurnal variations in cardiac function, we decided to characterize major circadian clock components and output genes in both normal rat hearts, as well as hearts isolated from rat models of human cardiovascular disease (pressure overload-induced hypertrophy and uncontrolled streptozotocin-induced diabetes mellitus). Consistent with predictions, all circadian clock genes investigated were expressed in the rat heart, and did so in a diurnal manner, and these oscillations were altered in disease states (79, 80 We found that expression of circadian clock genes oscillate in a circadian (i.e., independent of light/dark cycles) manner in cultured ARCs, with a temporal relationship essentially identical to that observed in vivo (21) . These studies conclusively revealed the presence of a fully functional circadian clock within the cardiomyocyte. Following exposure of this molecular mechanism, the next step was to define functional roles. Two primary criteria were established for considering a gene/process to be regulated by the cardiomyocyte circadian clock. These are that the process exhibits a significant diurnal/circadian oscillation in wild-type hearts, and that this oscillation is attenuated/abolished in CCM hearts ( Figure 1 ; an attenuated oscillation is defined as a decrease in the amplitude). Characterization of circadian clock components reveals that this molecular mechanism is temporally suspended at the initiation of the light phase in CCM hearts (8, 23) . This observation has aided in identification of cardiomyocyte circadian clock regulated genes. Genes that oscillate in wild type hearts, but whose expression is temporally suspended at the initiation of the light phase in CCM hearts, are considered cardiomyocyte circadian clock regulated genes. Two major classes of cardiomyocyte circadian clock genes were identified; those peaking at the dark-to-light phase transition in wild-type hearts (and chronically repressed in CCM hearts; Figure 1 , scenario A) and those peaking at the light-to-dark phase transition in wild-type hearts (and chronically induced in CCM hearts; Figure 1 , scenario B). Following an inevitable delay between transcription and translation of clock controlled genes (6 hours depicted in the figure, although this will vary between proteins), respective myocardial processes will be either chronically repressed (scenario A) or activated (scenario B) in CCM hearts.
Physiological Roles for the Cardiomyocyte Circadian Clock
Currently we have observed scenario A for diurnal variations in sensitivity to β-adrenergic stimulation, transcriptional responsiveness to fatty acids, triglyceride synthesis, heart rate, cardiac output, and ischemia/reperfusion tolerance (all peak in the middle of the dark phase in wild-type hearts, and are chronically repressed in CCM hearts; see discussion in future sections). Scenario B has not yet been identified for a cardiomyocyte circadian clock regulated myocardial process.
The primary function of the circadian clock is to confer the selective advantage of anticipation. One way the clock accomplishes this is by time-dependent modulation of the sensitivity of the cell to extracellular stimuli. Therefore an oscillation in wild-type hearts in vivo, and attenuation/ablation in CCM hearts, may be due to circadian clock mediated diurnal variations in responsiveness of the heart to the in vivo milieu. To control for this distinct possibility, whenever possible, a candidate circadian clock process is investigated both in vivo and ex vivo.
Using the above defined criteria, assignment of roles for the cardiomyocyte circadian clock has begun. These data provide evidence that the cardiomyocyte circadian clock influences myocardial gene expression, cellular signaling, metabolism, and contractile function. Each will be considered in turn.
Gene Expression. Circadian clock output manifests initially at a transcriptional level.
Identification of cardiomyocyte circadian clock regulated genes is therefore an appropriate starting point for assignment of function. Consistent with such a concept, several microarray studies have been performed, defining time-of-day-dependent oscillations in gene expression for intact wild-type hearts (45, 66) . These important studies exposed dramatic diurnal/circadian oscillations in the transcriptome of the heart (expression of between 10-13% of myocardial genes oscillate in a time-of-day-dependent manner). We therefore decided to determine which of these gene expression oscillations were mediated by the cardiomyocyte circadian clock. Using the stringent criteria listed above, as well as a rigorous statistical analysis, microarray studies in wild-type and CCM mice identified 548 and 176 genes as being regulated by the cardiomyocyte circadian clock in atria and ventricles, respectively (8) . Gene ontology analysis of the data revealed a concentration of cardiomyocyte circadian clock regulated genes influencing transcription, cellular signaling cascades, and metabolism. For each of these categories, multiple genes were selected for validation by RT-PCR. One of these genes, nampt, has subsequently been confirmed as a direct circadian clock regulated gene through independent promoter binding studies (53) . Throughout this review, the identity and function of distinct cardiomyocyte circadian clock regulated genes will be discussed.
Importantly, ongoing studies within multiple laboratories are defining cardiomyocyte circadian clock mediated oscillations in gene expression results in reciprocal changes in protein expression/activity and cellular function over the course of the day.
Cellular Signaling. Two major cycles that occur on a daily basis are feeding/fasting and sleep/wake cycles. Humoral changes associated with these cycles, which are known to influence the myocardium, include oscillations in circulating insulin and epinephrine.
The above described microarray studies have identified numerous kinases and phosphatases as being regulated by the cardiomyocyte circadian clock, several of which are known components of insulin (e.g., pik3r1) and β-adrenergic (e.g., prkar1a) signaling cascades (8) . Regarding the latter, we have reported that epinephrine induced augmentation of myocardial contractility and glycogenolysis both exhibit a diurnal variation in wild-type hearts, peaking in the middle of the active phase ex vivo (8) . In contrast, responsiveness to epinephrine does not oscillate in CCM hearts, and responsiveness remains at trough levels observed for wild-type hearts. Collectively, these data show that the cardiomyocyte circadian clock modulates myocardial β- Metabolism. What is becoming increasingly clear is that circadian clocks play an integral role in cellular metabolism (19, 29, 74) . Myocardial metabolism and contractile function are also inseparably interlinked (63, 67 Elevated rates of fatty acid oxidation in CCM hearts are therefore potentially secondary to decreased triglyceride synthesis. Indeed, few genes known to directly influence fatty acid oxidation were identified as being directly regulated by the cardiomyocyte circadian clock.
We previously hypothesized that the cardiomyocyte circadian clock allows the heart to anticipate diurnal variations in fatty acid availability (23, 64, 76) . The reasoning underlying this hypothesis was several fold. Circulating fatty acids themselves exhibit a diurnal variation, which are dependent on feeding/fasting status (64) . Fatty acids are the primary fuel utilized by the heart, providing approximately 70% of the energy for myocardial contraction (1). However, when in excess, fatty acids depress contractile function of the heart, through channeling into so-called 'lipotoxic' pathways (71, 77) .
The latter occurs in a diurnal manner, with greatest fatty acid-induced depression of contractile function occurring during the sleep phase (22) . During periods of increased fatty acid availability, the heart increases oxidative and non-oxidative (e.g., triglyceride) metabolism of fatty acids, through both transcriptional and post-translational mechanisms (3, 77) . The transcriptional responsiveness of the heart to fatty acids exhibits a diurnal variation, with increased responsiveness during the active phase (64) . Diurnal variations in transcriptional responsiveness persist in ARCs, and are abolished in CCM hearts, consistent with mediation by the cardiomyocyte circadian clock (23) . Collectively, these observations are consistent with the model depicted in Figure 2 . Here, the cardiomyocyte circadian clock allows the heart to anticipate increased fatty acid availability during the active phase (due either to post-prandial hyperlipidemia, or prolongation of the sleep phase fast), by promoting triglyceride synthesis and induction of genes involved in fatty acid oxidation/utilization. This in turn minimizes channeling of fatty acids into 'lipotoxic' pathways. In contrast, exposure of the heart to increased fatty acids during the sleep phase (due to inappropriate feeding during the sleep phase and/or disease states associated with dyslipidemia) will result in channeling of excess fatty acids into 'lipotoxic' pathways (due to decreased triglyceride synthesis and decreased transcriptional response). The detrimental effects of exposing the heart to an extracellular stress at an inappropriate time of the day is akin to 'non-dipping' hypertension, wherein increased cardiac injury is associated with increased stress during the sleep phase, a time of day at which blood pressure typically decreases in normotensive subjects (6, 56) .
Myocardial Contractile Function. Diurnal variations in myocardial contractile function
are well established, in both animal models and humans. Heart rate and cardiac output exhibit robust diurnal variations, peaking during the active phase (38, 55, 60, 72) .
Classically, time-of-day-dependent oscillations in these parameters have been attributed to diurnal variations in neurohumoral factors (60, 65, 76) . However, recent studies suggest it's timely to reconsider this dogma. Note that circadian control of blood pressure will not be discussed here due to primary regulation via extracardiac influences, a lack of blood pressure differences in CCM mice, and a focus on this subject in other articles within this review series.
Initial studies in Clock !19 and Bmal1 -/-mice reported somewhat predictable observations that heart rate diurnal variations are severely attenuated in these models of ubiquitous circadian clock dysfunction (13). Many of the neurohumoral factors known to influence heart rate are also dramatically altered in these models (e.g., autonomic stimulation, norepinephrine/epinephrine) (13). We therefore sought to determine the relative contribution of the cardiomyocyte circadian clock as a mediator of diurnal variations in heart rate. Telemetry studies revealed attenuated diurnal variations in heart rate in CCM mice in vivo, with a decrease in peak heart rate (during the dark phase); lower peak heart rate was also reported in Clock !19 and Bmal1 -/-null mice (8, 13) . EKG telemetry subsequently confirmed sinus bradycardia in CCM hearts, in the absence of overt electrical abnormalities. Importantly, bradycardia persisted in CCM hearts ex vivo (8) . Collectively, these data show that the cardiomyocyte circadian clock directly influences heart rate.
Similar to heart rate diurnal variations, we have observed persistence of cardiac output diurnal variations ex vivo, in both isolated working rat and mouse hearts (8, 22, 78 (8) . Ongoing studies are underway to determine the mechanism(s) by which the cardiomyocyte circadian clock directly influences both heart rate and myocardial contractility. It is also noteworthy that contraction of the myocardium may in turn influence the timing of the circadian clock.
Studies by Qi & Boateng show a translocation of the Clock protein from the cytoskeleton to the nucleus during electrical stimulation (58) .
Predicting Potential Imminent Frontiers
The concept that a circadian clock resides within the cardiomyocyte, which is capable of directly influencing myocardial physiology is novel, exciting, and receiving increased interest from the scientific community. This field truly is in its infancy, and as such is poised to venture down countless avenues. Here, I intend to briefly highlight just a few of the potentially imminent frontiers in this emerging field.
Identifying Direct Molecular Links Between the Cardiomyocyte Circadian Clock and
Myocardial Physiology. Following identification of functional roles for the cardiomyocyte circadian clock, an entourage of questions arise regarding mechanisms.
For example, which circadian clock transcription factors directly bind to the promoters of identified clock output genes, and which clock output proteins mediate changes in myocardial signaling, metabolism, and/or contractile function? The most straightforward mechanism would involve direct regulation of a gene by the Clock/Bmal1 heterodimer, and whose protein levels and activity correlate directly with the encoding mRNA, resulting in biological function oscillations (Figure 1 ). However, regulation of a process by the cardiomyocyte circadian clock will potentially be more complex, including multiple clock output genes acting in distinct positive and negative manners. Regulation may be at the level of transcription, mRNA stability, translation, protein stability, phosphorylation, acetylation, compartmentalization, and/or cofactor availability (7, 18, 29, 31, 53, 68) . Clearly, such an enormous level of complexity will hinder rapid assignment of molecular links between the cardiomyocyte circadian clock to specific myocardial processes.
Pathophysiological Consequences. An obvious question relates to whether the cardiomyocyte circadian clock is impaired in cardiovascular disease states, and in turn, whether impairment of this molecular mechanism contributes towards the etiology of myocardial contractile dysfunction. Attempts have already been made to address both questions. Myocardial circadian clock gene expression oscillations are altered in animal models of pressure overload (e.g., aortic constriction, Dahl salt sensitive rat), uncontrolled diabetes mellitus, obesity, simulated shift work (which increases the risk for cardiovascular disease), aging, and myocardial infarction (23, 28, 40, 49, 79, 80) . In the latter case, circadian clock gene oscillations within the ischemic region of the myocardium became inactivated rapidly (<24 hours), while clock gene oscillations remain unaltered in the non-ischemic region (40) . This suggests that an intra-organ dyssynchrony occurs following a myocardial infarction.
Whether the cardiomyocyte circadian clock plays a significant role in the etiology of cardiac dysfunction is less clear. Studies have been performed in animal models of global circadian clock dysfunction indicate an increased susceptibility to cardiovascular disease progression (46) . However, a distinct role for the cardiomyocyte circadian clock remains unknown. Given the rapid inactivation of the circadian clock following a myocardial infarction, and the established clinical observation that myocardial infarctions occur with a robust diurnal variation (increased incidence in the early hours of the morning), we recently hypothesized that the cardiomyocyte circadian clock influences myocardial ischemia/reperfusion tolerance (40, 51) . Using the closed chest murine model of ischemia/reperfusion (thereby minimizing an acute induction of an immune response, which itself exhibits a diurnal variation), we found 4-fold greater infarct sizes for wild-type hearts subjected to 45 minutes ischemia at the light-to-dark phase transition (24) . Furthermore, this diurnal variation in ischemia/reperfusion tolerance is completely lost in CCM hearts, which have infarct sizes identical to trough values observed for wildtype hearts (24) . These data expose a critical role for the cardiomyocyte circadian clock in modulating ischemia/reperfusion injury in a time-of-day-dependent manner.
Resynchronization Strategies. Clearly circadian clocks influence both cardiovascular physiology (e.g., responsiveness to fatty acids, heart rate) and pathophysiology (e.g., ischemia/reperfusion tolerance), and become altered/impaired in multiple animal models of heart cardiovascular disease. Elegant studies from Sole and colleagues show that rodents with a genetic predisposition for dyssynchronization with the environment develop hypertrophic cardiomyopathy (46) . Importantly, myocardial contractile One of the strongest environmental factors influencing the timing of peripheral circadian clocks is food intake (14, 50) . Given the amassing data in support of myocardial metabolism regulation by the cardiomyocyte circadian clock, we recently hypothesized that restricting ingestion of specific macronutrients (e.g., lipid) to distinct times of the day will synchronize the cardiomyocyte circadian clock with both circulating nutrients and myocardial metabolism (10). In doing so, myocardial function would be preserved by attenuating channeling of excess nutrients into 'cardiotoxic' pathways.
Consistent with this hypothesis, we found that restricting dietary lipid consumption to the beginning of the active phase preserves not only myocardial contractile function, but also multiple cardiometabolic syndrome parameters, including glucose tolerance and adiposity (9) . In contrast, consumption of dietary fatty acids at the end of the active phase is associated with adiposity, glucose intolerance, and myocardial contractile dysfunction (9) .
Aging, Caloric Restriction and Sirtuins.
Aging is associated with a host of physiological/pathophysiological alterations, including muscle wasting (sarcopenia), weight loss (advanced aging), mitochondrial DNA damage and dysfunction, oxidative stress, increased propensity for tumors, telomere shortening, reduced cellularity, hair graying and alopecia, reduced subcutaneous fat deposits, insulin resistance, decreased lifespan, as well as the development of cardiovascular disease (17, 28) . Many of the pathological changes associated with aging can be prevented through caloric restriction (44) . Pursuit of the molecular mechanisms mediating the benefits of caloric restriction strongly suggests a critical role for a family of NAD + -dependent deacetylases, known as sirtuins (SIRT) (48) . Multiple SIRT isoforms have been identified in mammals. Of these, SIRT1 is strongly implicated as a mediator of the beneficial effects of caloric restriction (44, 48) . Pharmacological activation of SIRT1 with resveratrol mimics many of the benefits of caloric restriction (34, 42) . SIRT1 has recently been shown to be an integral component of the mammalian circadian clock, which is capable of directly associating with, and deacetylating, Bmal1 (53) . Furthermore, circadian clock gene oscillations are attenuated with aging (28) . Collectively, these observations lead to the hypothesis that one or more beneficial effects of caloric restriction are mediated through the circadian clock mechanism. Consistent with this hypothesis, Bmal1 -/-mice exhibit many characteristics of accelerated aging, including muscle wasting (sarcopenia), weight loss, reduced subcutaneous fat deposits, glucose intolerance, and decreased lifespan (11, 37, 61) .
Epigenetic Regulation. Substantial evidence in both humans and animal models demonstrates that specific alterations in maternal nutrition (e.g., low protein diet, caloric restriction, high fat feeding) result in an increased susceptibility of the offspring to development of age-onset metabolic diseases, such as obesity, insulin resistance, and cardiovascular disease (47) . Early studies examining birth records revealed a strong inverse correlation between birth weight and coronary artery disease in adulthood (4).
Subsequent studies have confirmed these observations, as well as inverse correlations between birth weight with age-onset BMI, insulin sensitivity, and blood pressure, in both humans and animal models (47) . These observations lead to the hypothesis that nutritional signals at critical temporal windows within gestational and/or neonatal development result in a form of imprinting/reprogramming, which persists into adulthood. This hypothesis is often termed the Baker hypothesis.
The influence that early nutritional interventions have on cell autonomous circadian clocks is currently unknown. However, a select number of studies suggest that distinct interventions during gestational and neonatal development potentially influence this molecular mechanism in a manner that persists into adulthood. For example, Yoshihara et al. have found that restricting access of pups to the dam during the first 3 weeks of age results in altered locomotor diurnal variations in adult offspring (75) .
Given that diurnal variations in locomotor activity are driven primarily by the central circadian clock within the suprachiasmatic nucleus, these observations suggest that this Additional studies are required to directly address the question whether peripheral circadian clocks, such as the cardiomyocyte circadian clock, are permanently altered following early nutritional interventions, such as restriction of maternal protein, and/or whether this modulation of the circadian clock subsequently increases susceptibility to age-onset diseases, such as obesity, insulin resistance, and cardiovascular disease.
Summary
The goals of this review were to summarize our current knowledge regarding the functions of the cardiomyocyte circadian clock, and to highlight some of the imminent directions that this area of research may proceed. Continued research in this field will undoubtedly reveal regulation of multiple critical myocardial functions by the cardiomyocyte circadian clock. 
